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Abstract
A comparative statistical analysis of AATR and WTEC indices was conducted
based on data from the ISTP SB RAS GNSS receivers network. It is shown
that at high levels of ionospheric disturbance (for WTEC > 0.1 TECU), the
AATR index is proportional to the WTEC index with a factor of 1.5min−1. At
small levels of ionospheric disturbance (for WTEC < 0.1 TECU), this propor-
tionality is violated. It is shown that the contribution of daily dynamics of the
background ionosphere to the AATR index is higher than to the WTEC index.
This leads to a higher sensitivity of the WTEC index to disturbances. This also
leads to violating the proportionality between WTEC and AATR indices at low
levels of ionospheric disturbance. It is shown that at high latitudes the dynamics
of the WTEC and AATR indices correlate significantly with the level of geo-
magnetic disturbance Kp. At mid-latitudes, the contribution of solar radiation
variations (F10.7 index) and vertical seismic variations exceeds the influence of
Kp variations. The program for calculating WTEC indices, used in the paper
is put into open access.
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1. Introduction
The ionosphere and the ionospheric disturbances have a significant impact
on Global Navigation Satellite Systems (GNSS). Dense worldwide networks of
GNSS receivers and their high temporal resolution make it possible to moni-
tor the ionospheric conditions in real time using Slant Total Electron Content
(STEC) calculated along the line-of-sight (LOS) between transmitting GNSS
satellite and GNSS receiver.
The methods of studying the ionosphere using GNSS receivers can be divided
into two large groups - techniques for using a single receiver, and techniques for
using a network of receivers (global or local). In the case of using a network,
it becomes possible to study large-scale irregularities and their large-scale spa-
tial variations, based on the production of total electron content (TEC) maps:
GIM (Mannucci et al., 1998; CDDIS, 2019) and TEC disturbance maps (TDM)
(Perevalova et al., 2008; Afraimovich, E.L. et al., 2013). The first index (index
of TEC perturbations) built based on GIM was proposed by (Ho et al., 1998).
Later W and Wp indices have been developed (Gulyaeva and Stanislawska, 2008;
Gulyaeva et al., 2013; Stanislawska and Gulyaeva, 2015). Using GIM allows one
to distinguish the perturbed part in the world-wide distribution of TEC - nearly
static and global-scale. TDM allows one to to study wave-like disturbances as-
sociated with the passage of different irregularities of different scales (Astafyeva
and Shults, 2018). Joint analysis of network of receivers allows one to use radio
tomographic methods to determine the spatial characteristics of irregularities
and to build special indices based on them (HORT IPI (Nesterov et al., 2017))
or use spatio-temporal combinations of their data, like DIX (Jakowski et al.,
2012b,a), GIX and SIDX(Jakowski and Hoque, 2019), DIXSG(Wilken et al.,
2018) and RIDX (Stankov et al., 2006) indices.
.
Statistical parameters of mid- and small-scale irregularities can be estimated
using even a single GNSS receiver. Using single receivers is useful when one
have rarefied network, and minimizes the obtaining and data processing efforts.
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Classical index for studying ionospheric irregularities is scintillation index S4,
that is regularly measured by GNSS receivers(Béniguel et al., 2004). The S4
index is usually associated with small-scale irregularities, comparable with the
Fresnel radius, and leading to phase and amplitude distortions of the received
signal.
To study larger ionospheric irregularities that do not significantly distort
the signal shape, one use the construction of various integral indices based on
variations of the measured signal phase and group delays and characterized by
STEC. STEC-based indices include IROT (Wanninger, 1993), ROTI(Pi et al.,
1997), fp and Fp (Mendillo et al., 2000), AATR (Sanz et al., 2014; Juan et al.,
2018), WTEC(Voeykov et al., 2016). The use of STEC-based indices looks more
reasonable for analysis of mid-scale irregularities than S4.
In the quiet mid-latitude ionosphere one of the sources of mid-scale irregular-
ities are acoustic waves, generated by different sources: earthquakes (Astafyeva
and Shults, 2018), meteorites(Berngardt et al., 2015), typhoones (Polyakova and
Perevalova, 2013), solar terminator (Afraimovich et al., 2009), rocket launches
(Kakinami et al., 2013; Zherebtsov and Perevalova, 2019) and others.
Indices ROTI and AATR are traditional ones and can be used for checking
the effectiveness of other indices.
The ROTI index (Rate Of Change Of The TEC) has been used for monitor-
ing of mid-scale ionospheric disturbances for a long time (Pi et al., 1997). ROTI
is defined as the Root Mean Square error (RMS) of the Rate of Change of the
TEC (ROT) at a certain time interval (usually 5 min) at single beam "satellite-
receiver" and therefore has local spatial character. A strong positive correlation
between GNSS positioning error and ROTI for receivers located above 64oN (Ja-
cobsen and Dähnn, 2014) allows using it to estimate GNSS positioning errors at
high-latitudes. High values of ROTI index during severe geomagnetic storms in
2014-2015 (Jacobsen and Andalsvik, 2016; Cherniak et al., 2018) allows using
this index to monitor the activity of mid-scale ionospheric irregularities at high-
and low-latitudes using single GNSS-receiver (Pi et al., 1997).
The AATR (Along Arc TEC Rate) index characterizes the average level of
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ionospheric disturbances over wide spatial region, measured by single GNSS-
receiver (Sanz et al., 2014; Juan et al., 2018). Using AATR index is effective
when one need to skip spatial dependence of ROTI. In practice the AATR
index is defined as ROT averaged over a selected time interval (usually over
1 hour) and averaged over all GNSS satellites visible at the single receiver.
The effective size of the area used for index estimation is defined by relative
positions of the GNSS receiver and GNSS satellites. At middle latitudes this
size has radius about 1500–2000 km. AATR is sensitive to the regional behavior
of the ionosphere and can be used to identify the conditions where a degradation
in user performance is expected (Sanz et al., 2014).
The WTEC (Variations of Vertical TEC) index (Voeykov et al., 2016) allows
one to estimate the integral intensity of ionospheric disturbances of various scales
at single GNSS receiver. The WTEC index represents the amplitude of varia-
tions of vertical TEC filtered in a selected range of periods and averaged over
all the satellites visible by single GNSS receiver. WTEC temporal resolution is
determined by the temporal resolution of the GNSS receiver and usually about
30 s. Based on WTEC analysis (Perevalova et al., 2016) revealed the features
of large- and medium-scale TEC disturbances in mid-latitude and high-latitude
regions. Using WTEC for mid-scale disturbances, the ionospheric effects of the
Chelyabinsk meteorite fall on February 15, 2013 are studied (Voeykov et al.,
2016).
Due to AATR and WTEC are calculated over approximately the same iono-
spheric area but by different algorithms, their efficiency can be effectively com-
pared for their practical usage. In this paper, we performed an analysis of AATR
andWTEC indices to compare their efficiency for studying mid-scale ionospheric
disturbances in different conditions and geographical locations. The analysis was
carried out using the data of high-latitude, equatorial and mid-latitude GNSS
receivers during 2014-2017.
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2. Calculation of AATR and WTEC
The initial data for determining the AATR and WTEC indices are the
time series I(t) of the Slant TEC along LOS and the time series θ(t) of the
GNSS satellite elevation angles. We calculated STEC based on dual-frequency
phase measurements at the GNSS receiver by using standard method (Hofmann-
Wellenhof et al., 2001). STEC is measured in TECU (Total Electron Content
Unit): 1TECU = 1016el/m2. The elevation angles are taken from the GNSS
navigation messages.
The values and dynamics of the AATR and WTEC indices can be signif-
icantly distorted by gaps in phase measurements at GNSS receiver: missing
samples and cycle-slips. The both algorithms includes a preliminary detection
and removal of the data with gaps before calculating the indices. The gaps can
be associated with the temporary loss of the satellite signal at GNSS receiver,
as well as with a small signal-to-noise ratio. The information about missing
samples is taken directly from the GNSS receiver data by using Lost of Lock
Indicator (LLI) (IGS and RTCM-SC104, 2015). A cycle-slip is a change of mea-
sured signal phase by an integer number of wavelengths. Several techniques
have been developed for detecting cycle-slips (Hofmann-Wellenhof et al., 2001;
Juan et al., 2018). In this paper, we detect the cycle-slip as the cases when
the absolute value of the second derivative of STEC for consecutive samples
exceeded a threshold value. The threshold is a constant determined individu-
ally for each GNSS receiver used in the paper, it is based on the several years
of observations and is about 17 − 26TECU/min2. In the paper we use only
continuous data series without gaps, with a duration of at least 20 minutes. To
reduce the influence of the low-elevation refraction effects we use only the data
at high elevation angles exceeding 15o (Voeykov et al., 2016). Selected data
series have been used for calculating AATR and WTEC.
The algorithm for AATR calculation is described in detail in (Sanz et al.,
2014; Juan et al., 2018) and includes the following operations. Over the contin-
uous data series we calculate the rate of the STEC variation (ROT jk ) between
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two consecutive samples, received from j-th satellite during k-th epoch (tk). In-
stantaneous AATRjk is calculated as ROT
j
k multiplied by a slant factor M
j
k to
convert the slant TEC to vertical TEC. In the approximation of a thin iono-
spheric layerM jk depends on the ionospheric layer height hmax and on the satel-
lite elevation θjk. AATR index is calculated as the Root Mean Square (RMS) of
the instantaneous AATRjk over all the visible satellites during the selected time
interval (1 hour). AATR index is measured in TECU/min with the temporal
resolution 1 hour.
The algorithm for WTEC calculation is described in detail in (Voeykov et al.,
2016) and includes the following operations. The continuous STEC series Ijk(t)
for each j-th satellite and k-th epoch are transformed into vertical TEC using a
slant factor M jk in the thin spherical ionosphere approximation. The obtained
vertical TEC series are filtered by a moving-average method to provide filtered
series dIjk(t) with periods less than T minutes. The average intensity of TEC
oscillations Ajk(t) is calculated as average absolute value of dI
j
k(t) over T minutes
period. WTECk index for a given epoch tk is calculated as the weighted average
of the Ajk(t) series over all the visible satellites. Weighting function is specially
chosen to provide smooth estimate of WTEC values, not depending on number
of visible satellites. The resulting continuousWTEC(t) series reflect the average
level of vertical TEC variations near the selected station. WTEC is measured
in TECU. Its temporal resolution is defined by the temporal resolution of the
GNSS receiver (30 seconds). In the paper, we use T=10min that corresponds
to mid-scale TEC disturbances. It should be noted that the period of TEC
variations is closely related to the spatial scale of the ionospheric disturbances:
large-scale (LS) disturbances in the ionosphere have periods of more than 30
minutes and size above 600 km, irregularities with periods of 5–20 minutes and
sizes of 50–600 km are usually considered as medium-scale (MS) disturbances,
small-scale (SC) disturbances have periods less than 5 min and sizes less than
30 km(Hargreaves, 1992).
To make a joint analysis of AATR and WTEC indices, we produced the
software that calculates both the AATR and WTEC indices based on the algo-
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rithms described in (Sanz et al., 2014; Juan et al., 2018; Voeykov et al., 2016)
and use the same data sets without gaps for the calculations. The program we
developed is available at (Voeykov and Berngardt, 2019). For the comparison
with AATR series the WTEC series are decimated to 1 hour temporal resolu-
tion. As showed the analysis below, the released AATR calculation algorithm
produces the values similar to the results of (Sanz et al., 2014). This allows us
to verify our program and use it for the joint analysis of WTEC and AATR
indices.
3. Experimental data
For a comparative analysis of AATR and WTEC indices the data from mid-
latitude, high-latitude and low-latitude GNSS receivers are used. Their loca-
tions are shown in Fig.1. The low-latitude GNSS stations NTUS, BOGT and
BRAZ are the part of International GNSS Service (IGS) network (IGS, 2019).
These low-latitude stations are chosen to provide compatibility of this work
with (Sanz et al., 2014). Midlatitude ISTP SB RAS Baikal network (SibNet)
of GNSS receivers (Ishin et al., 2017) is shown in Fig.1B and includes 10 re-
ceivers (ORDA, UZUR, SARM, MKSM, ISTP, LIST, MOND, TORA, TORB,
TORC). In Fig.1A SibNet is marked as ’ISTP’. Also for analysis we use the
data of high-latitude NORI receiver of ISTP SB RAS. Below we present re-
sults of comparative statistical analysis of AATR and WTEC dynamics over
the period 2014-2017 using GNSS data and the algorithms described above.
We also present results of regression analysis of AATR and WTEC with pa-
rameters of solar, geomagnetic and seismic activity as well as with background
total electron content. We also demonstrate AATR and WTEC sensitivity to
strong and weak ionospheric disturbances generated by geomagnetic storms and
earthquakes correspondingly.
The following solar and geophysical data were used for the analysis:
• the geomagnetic indices Kp, Dst, SYM-H obtained from Kyoto World
Data Center for Geomagnetism (WDC, 2019) and OMNIWeb database(OMNIWeb,
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2019);
• the vertical total electron content (VTEC), characterizing the background
ionospheric conditions obtained from Global Ionosphere Maps (GIM) pro-
duced by Center for Orbit Determination in Europe (CODE). The CODE
GIMs were obtained from the Crustal Dynamics Data Information System
(CDDIS) at Goddard Space Flight Center, NASA(CDDIS, 2019);
• the F10.7 index of solar radiation at 10.7 cm wavelength, maximal over 1
hour and obtained from OMNIWeb database (OMNIWeb, 2019);
• the vertical seismic variation (dZ) according to the data of Talaya seismic
station (TLY) maximal over 1 hour and obtained from the IRIS (Incor-
porated Research Institutions for Seismology) database(IRIS, 2019). TLY
seismic station is located near the GNSS receiver TORA.
Statistical analysis of the indices Fig.2 shows WTEC and AATR indices
at high-latitude (Fig.2A-B), mid-latitude (Fig.2C-H) and equatorial (Fig.2I-N)
GNSS stations. For the analysis of equatorial station data we use the days
070-074 of 2013, studied in detail in (Sanz et al., 2014) over the identical set
of low-latitude stations. Comparison of Fig.2I-N with results of (Sanz et al.,
2014, ,fig.10) shows a good agreement between them and allows us to verify
our program and use its results for the joint analysis of the WTEC and AATR
indices. One can see in Fig.2 that for relatively large WTEC>0.1TECU, the
AATR and WTEC indices correlate well with each other (Fig.2B,J,L,N) and
their relation can be described by the proportion:
AATR(t)[TECU/min] = 1.5[min−1] ·WTEC(t)[TECU ] (1)
For small WTEC<0.1TECU, the correlation between AATR and WTEC
is less obvious (Fig.2D,F,H), and the relationship between the indices can be
represented as:
AATR(t)[TECU/min] ≥ 1.5[min−1] ·WTEC(t)[TECU ] (2)
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This is an indirect sign that AATR index can be considered as a superposi-
tion of the term proportional to WTEC index and additional small term of the
order of 0.1TECU, that is significant only for mid-latitude observations where
WTEC values are regularly small. The region WTEC<0.1TECU is shown in
Fig.2B,J,L,N by dashed line. As one can see in Fig.2, large WTEC values are
more often observed at high-latitude and equatorial stations. These latitudes
are characterized by higher level of ionospheric disturbances. Therefore, at
these stations during strong ionospheric disturbances (for example, generated
by geomagnetic storms) one can use both AATR and WTEC indices with equal
efficiency. At mid-latitude stations, where the disturbance level is usually lower,
one should use a more sensitive index of these two.
4. Sensitivity of the indices to space and surface disturbances
Fig.2 shows that during strong disturbances (corresponding to high AATR
and WTEC values) at high-latitudes and low-latitudes AATR and WTEC in-
dices correlate well and are nearly proportional to each other, and using them
for analysis is equivalent. For a more detailed analysis of these indices at mid-
and high-latitudes, we use the large data set of ISTP SB RAS GNSS stations:
mid-latitude SibNet network near the lake Baikal (10 stations) and high-latitude
NORI station in the Arctic region. The Baikal region is characterized by sig-
nificant seismic activity, which makes it possible to estimate the contribution
to AATR and WTEC indices the various sources of disturbances, both from
the space and from the ground. In Fig.2C,E,G,I,M one can see that the AATR
index at mid- and low latitudes has a high level of regular variations. A prelim-
inary spectral analysis shows the presence of a substantial diurnal component
in the AATR index, which is less significant in the WTEC index. To study the
sources of regular and irregular variations of the indices we estimate regression
dependence of WTEC and AATR indices on various parameters of the solar, ge-
omagnetic and seismic activity as well as on background ionospheric conditions
as the following:
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WTECfit(t) = A0 +
∑4
i=1 Fi(t) = A0 +
∑4
i=1AiIi(t)
AATRfit(t) = B0 +
∑4
i=1Gi(t) = B0 +
∑4
i=1BiIi(t)
(3)
Unknown regression coefficients Ai, Bi are calculated by the least squares
method to provide the best fit of the experimental measurements (WTEC(t), AATR(t))
by the models (3):
∫∞
−∞ (WTEC(t)−WTECfit(t))2 dt = min∫∞
−∞ (AATR(t)−AATRfit(t))2 dt = min
(4)
The following time series with a temporal resolution 1 hour were used for re-
gression analysis of WTEC and AATR (3-4): I1(t) is the geomagnetic index Kp;
I2(t) is VTEC, characterizing the background ionospheric conditions obtained
from Global Ionosphere Maps (GIM); I3(t) is F10.7 index of solar activity; I4(t)
is the vertical seismic variation (dZ) according to the data of Talaya seismic sta-
tion (TLY). When processing to bring all the parameters to the same temporal
resolution, rare data (Kp index) are approximated by a step function between
measurements, for frequent data the maximum value over 1 hour is taken.
We calculated the relative contribution αi, βi of each time series to AATR
and WTEC indices as:
αi =
∫∞
−∞|Fi(t)|dt∑4
j=1
∫∞
−∞|Fj(t)|dt
βi =
∫∞
−∞|Gi(t)|dt∑4
j=1
∫∞
−∞|Gj(t)|dt
(5)
The parameters αi, βi are non-negative and dimensionless, and the bigger
αi, βi the greater the contribution to the index value is made by the disturbance
component Ii(t). Thus, the analysis of the parameters αi, βi obtained as a result
of fitting eq.(4), allows us to identify the main components that regularly affect
the behavior of AATR and WTEC indices and to make a comparative analysis
of the contribution of each source of disturbances to WTEC and AATR. The
calculated parameters αi, βi are shown in the Table 1.
The Table 1 shows that at mid-latitude stations the influence of the regu-
lar VTEC on WTEC is less than its influence on AATR. WTEC dependence
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Table 1: Sensitivity of AATR and WTEC indices to geomagnetic, solar and seismic distur-
bances according to ISTP SB RAS GNSS stations
Mode Average over 10 mid-latitude SibNet stations High-latitude station NORI
αi(WTEC) βi(AATR) αi(WTEC) βi(AATR)
Kp 0.011 0.002 0.734 0.957
VTEC 0.874 0.995 0.262 0.035
F10.7 0.093 0.002 0.004 0.008
dZ 0.022 0.002 0.000 0.000
on intensity of seismic and geomagnetic disturbances is more pronounced than
AATR dependency. It should be noted that the small influence of the Kp level
at mid-latitude stations may be caused by the weakness of the effects of geomag-
netic disturbances at mid-latitudes. The small influence of the seismic activity
may be caused by relatively weak seismic activity of the region during the pe-
riod of observations (maximal magnitude of the seismic events in near-Baikal
region was M5.4). At high-latitude NORI station, the dependence on geomag-
netic disturbance prevails others both for AATR and for WTEC, which confirms
well with the conclusions of (Juan et al., 2018) about the possibility of using
the AATR index for analyzing ionospheric disturbances at high latitudes during
geomagnetic disturbances. The smallness of effects of VTEC at high latitudes
can be related with smaller diurnal variation of VTEC.
5. Case comparison of AATR and WTEC during strong and weak
disturbances
To illustrate the sensitivity of AATR and WTEC indices to different dis-
turbances, their responses to some geomagnetic storms and earthquakes were
calculated. Geomagnetic storms cause strong disturbances in the ionosphere.
Detection and study of these disturbances are one of the practically important
applications of indices. Geomagnetic storms on March 17-25 and June 21-30,
2015 are among the strongest storms during 24 solar activity cycle(Liu et al.,
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2015). To characterize the geomagnetic field disturbance, we used the Dst (res-
olution of 1 hour) and SYM-H (resolution of 1 minute) geomagnetic indices.
Fig.3A shows the SYM-H and Dst dynamics during the March 17-25, 2015 geo-
magnetic storm. According to SYM-H, the storm sudden commencement (SSC)
was registered at 04:45 UT on March 17. The maximum of the storm was ob-
served at 22:47UT on March 17, when the geomagnetic indices reached their
minimum values: SYM-H=-234 nT, Dst=-223 nT (Fig.3A). The geomagnetic
field disturbance during the June 21-30, 2015 storm is shown in Fig.3D. SYM-H
and Dst dynamics shows SSC at 16:45UT on June 21, 2015 and several peaks
during the storm main phase. The main minimum of SYM-H (-206 nT) and Dst
(-204 nT) was registered on June 23 at 04:38 UT, after which the long (lasted
until June 30) storm recovery phase began (Fig.3D). Fig.3B,E and Fig.3C,F
demonstrate the behavior of the AATR and WTEC indices at high-latitude
NORI station and at mid-latitude SARM station. As we can see in (Fig.3B,E),
WTEC and AATR correlate well during storm time at high-latitudes. At mid-
latitudes (Fig.3C,F), the storm effect is more pronounced in WTEC data; in the
AATR data the storm generated disturbance is small compared to the quasi-
regular daily AATR dynamics.
Earthquakes usually produce less powerful ionospheric disturbances of var-
ious types. The basic sources of ionospheric disturbances are internal atmo-
spheric waves generated by seismic vibrations near epicenter (Astafyeva et al.,
2013) and shock acoustic waves generated by surface seismic waves near obser-
vation point (Berngardt et al., 2017). Fig.4B,D demonstrate AATR and WTEC
behavior during the seismic vibrations observed at TLY station and shown in
Fig.4A,C. Both WTEC and AATR allow one to detect powerful disturbances,
for example after the earthquake in the Aegean Sea on 24/05/2014 09:25UT,
about 5800 km from SibNet (Fig.4A-B). On the other hand, WTEC make it
possible to register weaker effects than AATR, for example, disturbances ob-
served several hours after the Pacific earthquake of 09/10/2014 02:14UT, about
16500 km from SibNet (Fig.4C-D). Ionospheric response in both cases (marked
at Fig.4B,D by arrows) can be related with the passage of internal atmospheric
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waves, which can be justified by the presence of significant several hours delay
between seismic observation (dashed line) and ionospheric observation (arrow).
This delay between them corresponds to atmospheric wave propagation velocity
(about 250-350m/s). In the AATR data these disturbances are also present, but
less pronounced due to the presence of the diurnal variation of the index. The
effect of the earthquake on 23/05/2014 19:43UT at East Baikal looks not ob-
served, which is associated, apparently, with earthquake insufficient magnitude
(Perevalova et al., 2014). Thus, the comparison of AATR and WTEC dynamics
confirms our conclusion about the higher sensitivity of the WTEC index to weak
disturbances as compared to AATR and the lesser influence of the background
electron dynamics to WTEC.
6. Conclusion
An important task of monitoring ionospheric disturbances at mid latitudes
using single GNSS-receivers is to construct sensitive and effective indices de-
scribing the intensity of ionospheric disturbances. One of the widely used in-
dices today is the ROTI index (Pi et al., 1997) and AATR index - its aver-
age satellite-receiver beam value averaged over 1 hour (Sanz et al., 2014; Juan
et al., 2018). The indices are often used to analyze the high-latitude and equa-
torial ionosphere, but usually are not used at mid-latitudes. The aim of this
paper was to study the efficiency of using the WTEC index obtained with a
30-second time resolution (Voeykov et al., 2016) for analyzing disturbances in
the mid-latitude ionosphere based on long-term observations at the complex of
mid-latitude GNSS receivers of the ISTP SB RAS and its comparative analysis
with the AATR index.
A case comparative analysis of AATR and WTEC indices was performed
based on selected GNSS receivers. It is shown that at high and low latitudes
at high levels of ionospheric disturbance (when WTEC > 0.1TECU), AATR is
proportional to WTEC with a factor of 1.5min−1. At mid-latitudes at small
levels of ionospheric disturbance (whenWTEC<0.1TECU), this proportionality
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is violated. In this case AATR level becomes higher than expected.
A comparative statistical analysis of AATR and WTEC indices was per-
formed based on ISTP SB RAS mid- and high-latitude GNSS receivers during
period 2014-2017. A regression analysis was made with parameters of solar,
geomagnetic and seismic activity as well as with background total electron con-
tent. It is shown that the contribution of daily dynamics of the background
ionosphere to the AATR index is higher than to the WTEC index. This leads
to a higher sensitivity of the WTEC index to different disturbances. This also
leads to violating the proportionality between WTEC and AATR indices at low
levels of ionospheric disturbances. It is shown that at high latitudes the dy-
namics of the WTEC and AATR indices correlate significantly with the level of
geomagnetic disturbance Kp. At mid-latitudes, the contribution of solar radi-
ation variations (F10.7 index) and seismic activity exceeds the influence of Kp
variations.
The analysis of strong and weak events associated with geomagnetic dis-
turbances and seismic disturbances demonstrated the higher sensitivity of the
WTEC index than AATR at mid latitudes to ionospheric disturbances. Thus,
at WTEC <0.1TECU, the use of the WTEC index looks more accurate; at high
disturbance levels, the WTEC and AATR indices are almost proportional to
each other so their use at high and low latitudes looks equivalent. The pro-
gram for calculating WTEC indices, used in the paper is put into open access
(Voeykov and Berngardt, 2019).
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Figure 1: Location of all GNSS stations used in this paper (A), ISTP SB RAS stations near
lake Baikal (B). The black and gray rhombs mark the GNSS stations of ISTP SB RAS and
IGS, correspondingly.
21
Figure 2: Comparison of AATR (gray line) and WTEC (black line) indices dynamics based
on the data from various stations - high-latitude (A-B), mid-latitude (C-H) and low-latitude
(I-N) ones. Left panels correspond to the dynamics of indices and right panels correspond to
regression dependence of AATR on WTEC. Gray points are experimental points, the solid
line corresponds to the regression dependence (1). Vertical dashed line limits the region
WTEC<0.1TECU.
22
Figure 3: AATR and WTEC dynamics at high-latitude (NORI) and mid-latitude (SARM)
ISTP SB RAS GNSS-stations during March 15-25, 2015 (A-C) and June 20-30, 2015 (D-F)
geomagnetic storms. The vertical dashed line marks the SSC. A, D) - Dst and SYM-H; B,E)
- WTEC and AATR at NORI; C,F) - WTEC and AATR at SARM.
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Figure 4: AATR and WTEC dynamics during seismic disturbances. A,C) - data of the Talaya
seismic station (TLY). B,D) - TORB GNSS-receiver data. The light gray line corresponds to
WTEC with 30-second temporal resolution, the black and dark gray lines mark, respectively,
WTEC and AATR with 1 hour temporal resolution. Vertical dashed line marks the earthquake
vibrations received at TLY station. Arrow marks the ionospheric response possibly related
with it.
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